The use of live bacteria in the treatment of cancer has a long and interesting history. We report the use of a purified bacterial redox protein, azurin, that enters human cancer (melanoma UISO-Mel-2) cells and induces apoptosis. The induction of apoptosis occurs readily in melanoma cells harboring a functional tumor suppressor protein p53, but much less efficiently in p53-null mutant melanoma (UISO-Mel-6) cells. A redox-negative mutant form of azurin (M44K͞ M64E) demonstrates much less cytotoxicity to the UISO-Mel-2 cells than the wild-type protein. Azurin has been shown to be internalized in UISO-Mel-2 cells and is localized predominantly in the cytosol and in the nuclear fraction. In the p53-null UISO-Mel-6 cells, azurin is localized only in the cytosol. Thus, intracellular trafficking of azurin to the nucleus is p53-dependent. Azurin forms a complex with p53, thereby stabilizing it and raising its intracellular level in cytosolic, mitochondrial, and nuclear fractions. Corresponding to an increasing level of p53, an inducer of apoptosis, the level of Bax also increases in mitochondria, allowing significant release of mitochondrial cytochrome c into the cytosol, thus initiating the onset of apoptosis. The M44K͞M64E mutant form of azurin, deficient in cytotoxicity, is also deficient in forming a complex with p53 and is less efficient in stabilizing p53 than wild-type azurin. Azurin has been shown to allow regression of human UISO-Mel-2 tumors xenotransplanted in nude mice and may potentially be used in cancer treatment.
R
eports on regression of cancer in humans and animals infected with microbial pathogens date back more than 100 years, originating with the initial report by Coley (1) . Several subsequent reports (2) (3) (4) have shown that microbial pathogens replicate at tumor sites under hypoxic conditions and also stimulate the host's immune system during infection, leading to an inhibition of cancer progression. For example, the vaccine strain Mycobacterium bovis bacillus Calmette-Guérin is widely used for the topical treatment of superficial bladder cancer (2) and has also been used in other forms of cancer (2) . In addition to M. bovis bacillus Calmette-Guérin, bacterial pathogens such as Listeria monocytogenes or Salmonella species are often used as vaccine vectors for cancer prevention because of their ability to target antigen-presenting cells and mount vigorous immune response against tumor cells (3) . Infection of tumor-bearing mice with live attenuated cells of Salmonella typhimurium has also been reported to enhance tumor regression (4) . It has generally been believed that infection with microbial pathogens leads to activation of macrophages and lymphocytes, resulting in the production of cytotoxic agents with anticancer activity. Anaerobic bacteria such as Salmonella or Clostridia are believed to grow preferentially in the anaerobic core of the tumors (4) . More recently, the use of anaerobic bacteria with selected chemotherapeutic and antivascular agents has resulted in widespread and significant regression of s.c. tumors in mice, a treatment called combination bacteriolytic therapy (COBALT) (5) . The studies above (5) , as well as the publication by Jain and Forbes (6) , have reviewed the long history of the use of anaerobic bacteria in the treatment of cancer. Live bacteria, however, produce significant toxicity and side reactions (5, 6) , thus limiting the use of bacteria in the treatment of human cancer (2) .
Bacterial pathogens are not the only infectious agents that are known to induce tumor regression in infected hosts. Protozoa such as Toxoplasma gondii or Besnoitia jellisoni are also known to activate macrophages to induce tumor shrinkage. The idea that infection with bacterial or protozoan pathogens may trigger cancer regression through activation of the innate or adaptive immunity has recently been questioned when it was shown (7) that infection of melanoma-harboring mice with T. gondii resulted in tumor shrinkage without concomitant activation of cytotoxic T or NK cells, production of nitric oxide by macrophages or the function of the cytokines IL-12 and tumor necrosis factor ␣. A major finding of these authors (7) was that T. gondii-infected tissues produce some factors that prevented formation of blood vessels in the tumors, thereby creating hypoxic conditions that then triggered necrotic death of the tumor cells. These authors surmised that inhibition of angiogenesis during infection might be due to synthesis of soluble antiangiogenic factors by the infected tissues which could be of potential therapeutic interest, similar to endostatin, an endogenous inhibitor of angiogenesis (8) .
Although various bacteria or protozoa are believed to mediate tumor regression through selective proliferation in the anaerobic zone of the tumors or through inhibition of angiogenesis, very little is known about the detailed mechanism of tumor regression by such pathogens. In particular, little is known about the production of soluble or secreted factors by bacteria that may specifically act on cancer cells, resulting in their death and regression. In this article, we present evidence that a purified redox protein, azurin, which has been reported to be secreted by Pseudomonas aeruginosa and induce apoptosis in macrophages (9) , also triggers apoptosis in various human cancer cells. These in vitro findings can be confirmed in vivo in human cancer xenotransplanted in nude mice.
Materials and Methods
Preparation of Azurin. The azurin-encoding gene was amplified by PCR with genomic DNA of P. aeruginosa strain PAO1 as a template DNA. The forward and reverse primers used were 5Ј-GCCCAAGCTTACCTAGGAGGCTGCTCCATGCTA-3Ј and 5Ј-TGAGCCCCTGCAGGCGCCCATGAAAAAGCC-CGGC-3Ј. The azurin gene was placed downstream of the lac promoter in the vector pUC19. Escherichia coli JM109 was used as a host strain for expression of the azurin gene. Wild-type (wt) azurin and mutant azurin were purified by Q-Sepharose FF and Abbreviations: TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling; MTT, 3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide); wt, wild type.
Superdex 75 chromatography from periplasmic fractions of the recombinant E. coli cells according to the method described by Kukimoto et al. (10) .
Cytotoxicity Assay. The human melanoma cells of UISO-Mel-2 and UISO-Mel-6 (11) were cultivated either in MEM with Hanks' medium supplemented with 10% FBS, or MEM with Eagle's supplemented with 10% heat-inactivated FBS and 1 mM glutamic acid, respectively. The 3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide) (MTT) assay (12) was performed to determine the cytotoxicity of azurin toward cancer cells. Cells (5 ϫ 10 3 per well) were seeded into 96-well culture plates in 200 l of the medium at 37°C with 5% CO 2 . After 24 h, the supernatant was removed and new media containing azurin at various concentrations as specified were added to the attached cells. These cells were incubated for 24 h before the number of live cells was determined by MTT assay by adding 10 l of 5 mg͞ml MTT (Sigma) solution to the culture, incubating for 3 h at 37°C, and measuring the formation of MTT formazan spectrophotometrically (12 cells) were treated with azurin (500 g͞ml) for the indicated times. After treatment, mitochondrial and cytosolic fractions were prepared as described by Han et al. (14) . Nuclear extracts were prepared as described (15) . Monoclonal antibodies raised against p53, Bax, and mitochondrial cytochrome c (Santa Cruz Biotechnology) were used for Western blotting. Blots were also probed for actin by using monoclonal anti-actin (Sigma) and mitochondrial membrane protein cytochrome c oxidase subunit IV (COX IV) by using monoclonal anti-COX IV antibody (Molecular Probes) for checking cross-contamination and as internal controls. Protein bands were visualized by using enhanced chemiluminescence reagents (Amersham Pharmacia).
Intracellular Localization of Azurin. UISO-Mel-2 and UISO-Mel-6 cells (10 7 cells) were used for subcellular fractionation after azurin treatment (50 g͞ml) for 0, 3, 6, and 12 h. Each fraction (10 g protein) was loaded on SDS͞PAGE and blotted on Immuno-P membrane (Millipore). The presence of azurin was confirmed by using anti-azurin antibody.
Microinjection of Azurin in UISO-Mel-2 and UISO-Mel-6 Cells. UISOMel-2 and UISO-Mel-6 cells were cultured overnight on 22-mm glass coverslips coated with poly-L-lysine. Azurin was labeled with Alexa Fluor 568 (Molecular Probes) having absorption and emission fluorescence maxima of 577 and 603 nm, respectively. Chemically labeled azurin (0.36 M; fluorescing red) was microinjected into the cytoplasm of single cells by using an Eppendorf pressure injector and micromanipulator. All microinjection experiments were performed with a 0.5-s injection time and 100 hPa pressure, with the aid of LSM 5 Pascal microscope (16) . Approximately 70-100 cells were injected in each dish. After injection, cells were incubated at 37°C in 5% CO 2 for different times varying from 15 min to 3 h, as noted in the text, and fixed; nuclear DNA was stained with 4,6-diamidino-2-phenylindole. Fluorescent images were collected with a Zeiss LSM 510 confocal laser microscope. Only blue (4,6-diamidino-2-phenylindole) and red (Alexa Fluor-labeled azurin) fluorescence were recorded.
Complex Formation of Azurin with p53. Complex formation between wt azurin, mutant azurin, and p53 was confirmed by glycerol gradient centrifugation analysis as described (17) .
In Vivo Xenotransplanted Tumor Regression by Azurin: Statistical
Analysis. Two groups of male nude mice (average weight, 20 g) received 1 ϫ 10 6 UISO-Mel-2 cells s.c. in the flank. When the s.c. tumor grew to the size of 0.5 mm (in one of the three diameters), the animals were clustered into two groups of five mice each. One group of five mice comprised the control, whereas the treated group of five mice received 0.5 mg of azurin in saline (0.1 ml) i.p. daily for 3 weeks. The tumor volumes were measured before each injection. To determine differences in tumor volumes between the treated and control groups, both univariate and multivariate statistical analyses were used. The univariate method consisted of computing summary statistics for tumor volume for each group (treated and control) for each of the 12 days for which measurements were taken. The multivariate method was based on the 10 animals with 12 observations on each, using random coefficients mixed models for the treated and control groups, to study the growth of tumor over time.
Results

Cytotoxic Activity of Purified Azurin and Cytochrome c551 Toward
Various Cancer Cells. We recently reported that two redox proteins, azurin and cytochrome c 551 , elaborated by P. aeruginosa in its growth medium, induce apoptotic cell death in phagocytic cells such as macrophages and mast cells (9) . Azurin and cytochrome c 551 are involved in electron transfer during denitrification (18, 19) and are not known for their cytotoxic activity. To examine whether the cytotoxic activity is restricted to phagocytic cells, we purified azurin by cloning the gene from the chromosome of P. aeruginosa into an expression vector of E. coli and hyperproduced the protein as described under Materials and Methods. The purified azurin produced a single band on SDSpolyacrylamide gel with a molecular size of 14 kDa, as expected. As reported for macrophages (9) , a combination of azurin and cytochrome c 551 (50:25 g͞ml) induced apoptosis in the human melanoma (UISO-Mel-2) cells, as determined by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) (Fig. 1A ) and caspase assays ( Fig. 1 B and C) . A great deal is known about the structure of azurin and cytochrome c 551 (19) , and mutations in two critical amino acids Met-44 and Met-64 have been shown to lead to a loss of Ͼ95% of the azurin electron transfer activity (20) . To determine the mode of action of a single redox protein such as azurin, we isolated a double mutant Met44Lys͞Met64Glu (M44K͞M64E) defective in redox activity and purified the wt azurin and the M44K͞M64E mutant protein ( Fig. 2A) . We then examined the cytotoxicity of the wt and the mutant azurin against a human melanoma cell line UISO-Mel-2 (11). Rauth et al. (11) demonstrated that the UISO-Mel-2 cell line was p53-positive, whereas another melanoma cell line (UISO-Mel-6) was p53-negative. Wt azurin demonstrated significant cytotoxicity toward UISO-Mel-2 cells (Fig. 2B) , whereas the redox-negative M44K͞M64E mutant azurin protein had very little cytotoxicity (Fig. 2B) . Wt azurin had comparatively less cytotoxicity toward p53-null UISO-Mel-6 cells ( Fig. 2C) , suggesting that the presence of p53 might be important for azurin-induced cytotoxicity.
Treatment of UISO-Mel-2 Cells with Azurin Leads to Elevated Levels of
p53 in Cytosolic and Nuclear Fractions. Cytotoxicity assays ( Fig. 2 B and C) demonstrated a putative role of p53 in the induction of azurin-mediated apoptosis in UISO-Mel-2 cells. Because p53 is an inducer of mammalian cell apoptosis (21) (22) (23) , it was of interest to examine whether azurin treatment might enhance the intracellular level of p53, which in turn might induce apoptosis in UISO-Mel-2 cells. We therefore treated UISO-Mel-2 cells with azurin (500 g͞ml) for 0 (no treatment), 3, 6 , and 12 h, made extracts, gel-electrophoresed equal amounts of protein from each extract (50 g), and determined the level of p53 by Western blotting. We also determined the level of actin as an internal control. Although the actin level remained more or less the same during the 12-h treatment period, the level of p53 increased substantially in the cell extract during the 12-h period (data not shown). To localize the p53, the extracts of the untreated and azurin-treated UISO-Mel-2 cells were fractionated to obtain cytosolic, mitochondrial, and nuclear fractions, as described under Materials and Methods. The enhanced p53 levels during the 3-to 12-h treatment were mostly found in the nuclear and the cytosolic fractions, particularly at 12 h. The level of p53 in mitochondria also rose slightly in 6-12 h (Fig. 3A) . In some human cell lines, such as the myeloid leukemia line ML-1 or the colorectal carcinoma line RKO, a portion of p53 rapidly localized to the mitochondrial fraction of cells during induction of apoptosis by DNA-damaging agents such as camptothecin or hypoxic stress (24) . Mitochondrial p53 localization was shown to be specific for p53-dependent apoptosis and did not occur in p53-independent apoptosis. These data, as well as the data of Ding et al. (25) that p53 protein from cell-free postnuclear extracts of irradiated transformed fibroblast cells (containing mitochondria) directly activated caspase 3 through an unknown mechanism, led to the postulation of a model where p53 localization in mitochondria caused oxidative damage to initiate apoptosis that is independent of the nuclear transcriptional activation by p53 (26, 27) . Azurin-induced enhanced mitochondrial p53 level may thus contribute, at least in part, to the initiation of apoptosis in UISO-Mel-2 cells.
Azurin Treatment Allows Enhanced Accumulation of Bax in Mitochon-
dria and Release of Mitochondrial Cytochrome c to the Cytosol. The localization of p53 to mitochondria has been suggested to be reminiscent of the proapoptotic protein Bax (24), which is also known to accumulate in mitochondria during apoptosis. In apoptotic cells, the cytosolic Bax undergoes a conformational change leading to its relocalization in the mitochondria (28) . Similarly, the BH3-domain-containing protein Bid, during staurosporine-induced apoptosis in HeLa cells, translocates from the cytosol to the mitochondria, leading to a change in the conformation of Bax and resulting in the release of cytochrome c from mitochondria (29) . Therefore, we examined the subcellular level of Bax and mitochondrial cytochrome c during treatment of UISO-Mel-2 cells with azurin. The Bax level was low in the cytosol but increased steadily in the mitochondria upto 12 h (Fig.  3A) . Persuant to the enhanced mitochondrial accumulation of Bax, the cytosolic level of mitochondrial cytochrome c increased substantially during the period of treatment (Fig. 3A) . The level of actin in the cytosol or COX IV in the mitochondria remained basically unchanged and were confined to their respective organelles, suggesting that the cytosolic fraction was virtually free of mitochondria or the nuclear fraction was free of cytosolic contamination. When the Bax or mitochondrial cytochrome c levels were checked as a function of azurin treatment in the p53-null UISO-Mel-6 cells (11), where azurin demonstrated very little cytotoxicity (Fig. 2C) , very little increase of Bax in mitochondria or release of cytochrome c from mitochondria to cytosol was observed (Fig. 3B) , suggesting a role of p53 in such a process.
Role of p53 in the Nuclear Transport of Azurin. We also used anti-azurin antibodies to localize azurin in various subcellular fractions of UISO-Mel-2 cells. The bulk of azurin was found in the cytosol, but azurin was also found to be in the nuclear fraction (Fig. 3C) . Azurin was also found in the mitochondria, but not during the earlier period. In the p53-null UISO-Mel-6 cells, azurin was located in the cytosol and in mitochondria, but not in the nucleus, demonstrating a role of p53 in the nuclear transport of azurin (Fig. 3C) . A possible role of p53 in the nuclear transport of azurin raised the question whether a putative receptor-binding of azurin might be important for its subsequent trafficking to the nucleus, likely mediated through an association with p53. p53 is known to traffic freely from the cytosol to the nucleus and vice versa (21) and can therefore help in the transport of azurin to the nucleus. To determine whether microinjected azurin, which did not have to go through cell surface-associated receptor binding, can be transported to the nucleus in UISO-Mel-2 cells but not in UISO-Mel-6 cells, we microinjected wt azurin in these two cell types and determined the localization of azurin soon after microinjection (15 min) and after 2 or 3 h. The results demonstrate that, when microinjected in p53 ϩ -UISO-Mel-2 cells, azurin is found primarily in the cytosol at 15 min (Fig. 4A) . At 2 h after microinjection, however, azurin is found in the nucleus of UISO-Mel-2 cells, which also seems to undergo structural deformity, perhaps because of the onset of apoptosis (Fig. 4B ). In the p53-null UISO-Mel-6 cells, microinjected azurin is found localized at one end of the cytosol in 15 min (Fig. 4C) ; 3 h after microinjection, azurin is still found only in parts of the cytosol surrounding the nucleus, but not within the nucleus itself (Fig. 4D) , confirming the Western blotting data (Fig. 3C ) that p53 is important for the transport of azurin to the nucleus. No condensation or fragmentation of the nucleus was observed under these conditions (Fig. 4D ).
Azurin Forms a Complex with p53 Leading to Its Stabilization.
The enhanced intracellular level of p53 during treatment of the UISO-Mel-2 cells with azurin and the apparent role of p53 in the transport of azurin to the nucleus, raised the question whether azurin might stabilize p53. p53 is a highly labile protein that can be stabilized or destabilized by protein-protein interaction (21, 30, 31) . Of particular interest is a recent report that a mammalian oxidoreductase, NADH quinone oxidoreductase 1 (NQO1), stabilized p53 by inhibiting its degradation in a distinct pathway (13, 32) . Another oxidoreductase WOX1, a mitochondrial apoptogenic protein, has been shown to bind to the proline-rich region of p53 and is an important partner in p53-mediated cell death (33) . We thus examined any putative complex formation between azurin and p53 to determine whether this bacterial redox protein can bind p53, perhaps to stabilize it and raise its intracellular level for ultimate induction of apoptosis and growth arrest of the cancer cells. To determine complex formation between azurin and p53, we used the glycerol gradient centrifugation method used by us to study factoranti-factor interaction (34) or complex formation between nucleoside diphosphate kinase and various other proteins such as elongation factor Tu (35), Ras-like protein Pra (36), pyruvate kinase (37), etc. We prepared glycerol gradients comprising of 5-25% glycerol as described (17, 37) and azurin, p53 (we used a GST-p53 fusion protein), the MDM2-binding domain (MDM2-BD) of p53 (38) , and other proteins, singly or in combination, were sedimented through this gradient by centrifugation. After Glycerol gradient centrifugation to detect complex formation between wt azurin and p53, leading to stabilization of p53. Azurin and p53 were detected in various glycerol gradient fractions by Western blotting with anti-azurin (A) and anti-p53 (B) monoclonal antibodies. Azurin was found in various glycerol gradient fractions only when preincubated with p53, but not with GST, MDM2-BD, or ovalbumin (A). The double mutant Met-W, in the absence or in the presence of p53, demonstrated its sedimentation at 5% glycerol fraction. The stability of p53 was determined in UISO-Mel-2 cells incubated for 12 h with buffer (control), wt azurin or mutant azurin Met-W; after 12 h of incubation, cycloheximide was added to prevent protein synthesis, and the level of p53 was determined at 0.5, 1.0, and 2.0 h after cycloheximide addition by Western blotting using anti-p53 monoclonal antibodies (C and D). centrifugation, various fractions were collected from different glycerol gradients and the presence of azurin (Fig. 5A) or p53  (Fig. 5B) was determined in various gradient fractions by Western blotting with anti-azurin or anti-p53 monoclonal antibodies. Azurin, as a low molecular mass (14 kDa) protein, sediments at 5% glycerol fraction and not in others (Az, Fig. 5A ). However, when preincubated with p53, it is found in the higher glycerol fractions as well (Fig. 5A, Az͞p53) . Preincubation of azurin with the MDM2-BD of p53, in contrast to p53 itself, does not allow a higher sedimentation profile, suggesting either a lack of complex formation or that the binding of this low-molecularweight fragment (4 kDa) does not significantly affect the molecular size of the complex. Other proteins such as GST, ovalbumin, and BSA (not shown) did not allow sedimentation of azurin at higher glycerol gradients, suggesting that complex formation between azurin and p53 is specific. The lack of complex formation between azurin and GST strongly implies that complex formation between azurin and GST-p53 fusion protein is due to p53 and not due to GST. p53 by itself forms a polydisperse aggregate (Fig. 5B) , presumably because of its ability for oligomerization (39) . The M44K͞M64E double mutant (termed Met-W; Fig. 5 A and B) , deficient in cytotoxicity toward UISO-Mel-2 and UISO-Mel-6 cells ( Fig. 2 B and C) , was also deficient in forming a complex with p53 (Fig. 5A) .
The ability of azurin to form complexes with p53 raised the important question whether such complex formation conferred stability to p53, as was shown for NQO1 (13, 32) . We therefore incubated UISO-Mel-2 cells with azurin for 12 h. A control UISO-Mel-2 cell suspension without azurin, but only treated with buffer for 12 h, was maintained. After 12 h, 20 g͞ml cycloheximide was added to the cell suspensions to prevent protein synthesis, and the amount of residual p53 was determined in the cell extracts (50 g protein each) for the next 2 h by Western blotting (Fig. 5C ). The amount of p53 was quantitated during 0 (time of addition of cycloheximide), 0.5, 1, and 2 h and depicted as percent of residual p53 remaining with the 0-h value as 100% in each case (Fig. 5D ). Very little p53 was seen 2 h after cycloheximide addition in the extracts of untreated control or mutant Met-W azurin-treated UISO-Mel-2 cells (Fig.  5 C and D) , whereas substantial p53 was still present in the extracts of wt azurin-treated cells, clearly suggesting that wt azurin treatment allows stabilization of p53, thereby raising the intracellular level of this apoptosis-inducing protein. The Met-W mutant azurin, deficient in forming a complex with p53 ( Fig. 5A ) was also deficient in stabilizing p53 in UISO-Mel-2 cells.
Azurin Induces Tumor Regression in Vivo. On the basis of the observation of specificity of azurin in exerting its cytotoxicity to p53 ϩ human melanoma (UISO-Mel-2) cells in vitro, it was thought that azurin might produce an inhibitory effect on the growth and progression of UISO-Mel-2 xenotransplants in nude mice. If indeed this is the case, then azurin, singly or in combination with other redox proteins and͞or known chemotherapeutic agents, can be used in the treatment of human neoplasia. Thus, initially, an in vivo study using only azurin was performed.
UISO-Mel-2 cells (1 ϫ 10 6 ) were injected s.c. into the right flanks of nude (athymic) mice. After 2 weeks when small tumors appeared, the animals were divided into an untreated control group (n ϭ 5) and treated group (n ϭ 5). The treated group received i.p. 0.5 mg of wt azurin daily for 22 days. Tumor volume was measured for each mouse on various days as shown in Fig.  6 . Azurin-treated mice showed tumor growth inhibition. At the conclusion of the study, the mean tumor volume in azurintreated mice was 59% lower than that in the controls (Fig. 6) . Multivariate analysis based on a random coefficient model showed that the difference in the tumor volume between treated and control animals was significant (P ϭ 0.0116).
Histologic and immunocytochemical studies showed that azurin-induced tumor regression in UISO-Mel-2 xenotransplants mimics the morphologic features that characterize regression of primary human cutaneous melanoma (43, 44) . Although the mechanism of regression of human cutaneous melanoma has not yet been fully explained, two signal microscopic features are commonly observed in regressing melanoma. These are excessive proliferation of stromal fibrous tissue encompassing melanoma cells and induction of apoptosis (45, 46) . Both of these were observed in all of the azurin-treated xenotransplants as compared with untreated controls (Fig. 7) . Furthermore, at the time of conclusion of the study, complete lack of toxicity, as evidenced by any changes in body weight or other form of toxicity, was noted at this dose level and for this period. At necropsy, none of the treated mice showed any histologic evidence of apparent toxicity and all of the viscera were within normal limits.
Discussion
Much effort has been spent over the years in developing wild-type or attenuated bacterial and viral strains for the treatment of cancer (2, (4) (5) (6) 40) . The results have been mixed, given significant toxicity associated with the administration of live cells and the consequent immune response to such cells. The use of purified low molecular weight bacterial proteins as potential anticancer agents may thus allow us to bypass these problems, although the proteins themselves may trigger immune response leading to their elimination from the body. It might be possible to isolate site-directed mutants of azurin in the antigenic epitope regions that may reduce the effect of such immune response without affecting its cytotoxicity. It might also be possible to use truncated versions of this redox protein, which may possess cytotoxicity, but little immunogenicity. Preparation and testing of such mutant and truncated derivatives are currently under progress in our laboratory. A lack of p53 in the UISO-Mel-6 cells leads to a comparative loss of cytotoxicity of azurin toward these cells. The inability of the M44K͞M64E double mutant to form a stable complex with p53 in UISO-Mel-2 cells and its lack of cytotoxicity indicates that complex formation may be the primary reason for azurin-mediated cytotoxicity. Such complex formation may also account for the transport of azurin to the nucleus where p53 may be stabilized and may allow a higher level of synthesis of Bax and other proapoptotic proteins (41, 42) . Bax levels are indeed higher in the mitochondria of UISO-Mel-2 cells during 6-12 h of incubation with azurin (Fig. 3A) , but not in the mitochondria of the p53-null UISO-Mel-6 cells (Fig.  3B) . Higher levels of Bax may then trigger apoptosis in the cancer cells by lowering the mitochondrial membrane permeability, thus enhancing the release of mitochondrial cytochrome c to the cytosol in UISO-Mel-2 cells (Fig. 3A) but not in UISO-Mel-6 cells (Fig. 3B) . To our knowledge, this is the first report of a bacterial redox protein that induces apoptosis in cancer cells by forming a complex with p53 and allowing subsequent apoptosis and regression of cancer cells.
